Mutation induction in directly exposed cells is currently regarded as the main component of the genetic risk of ionizing radiation for humans. However, recent data on the transgenerational increases in mutation rates in the offspring of irradiated parents indicate that the genetic risk could be greater than predicted previously. Here, we have analysed transgenerational changes in mutation rates and DNA damage in the germline and somatic tissues of non-exposed first-generation offspring of irradiated inbred male CBA/Ca and BALB/c mice. Mutation rates at an expanded simple tandem repeat DNA locus and a proteincoding gene (hprt) were significantly elevated in both the germline (sperm) and somatic tissues of all the offspring of irradiated males. The transgenerational changes in mutation rates were attributed to the presence of a persistent subset of endogenous DNA lesions (double-and singlestrand breaks), measured by the phosphorylated form of histone H2AX (c-H2AX) and alkaline Comet assays. Such remarkable transgenerational destabilization of the F 1 genome may have important implications for cancer aetiology and genetic risk estimates. Our data also provide important clues on the still unknown mechanisms of radiation-induced genomic instability.
Introduction
Recent data on the delayed effects of ionizing radiation challenge the existing paradigm of radiation biology as they show that mutation rates in the progeny of irradiated cells remain elevated over a considerable period of time (Morgan, 2003a, b) . Given that the development of cancer is a multistep process in which cells acquire mutations in a specific clonal lineage (Loeb et al., 2003) , it would therefore appear that ongoing genomic instability may significantly enhance radiationinduced carcinogenesis (Huang et al., 2003) . The data showing elevated mutation rates in the offspring of irradiated parents (Dubrova et al., 2000; Barber et al., 2002) also indicate a potential contribution of genomic instability to transgenerational carcinogenesis (Dubrova, 2003; Nomura, 2003) . Taken together, these results imply that the genetic risk of ionizing radiation for humans could be greater than predicted previously.
Further analysis of the clinical impact of radiationinduced instability is currently limited mainly because the mechanisms underlying this process remain unknown. It nevertheless appears that the phenomenon of 'genetic memory' capable of destabilizing the nonexposed progeny of irradiated cells/organisms may result from a plethora of molecular, biochemical and cellular events, each of which could potentially represent the still unknown pathway(s) of cellular stress response. To date, a majority of pathways involved in the mammalian cellular response to radiation, including the recognition of DNA damage, its repair, cell cycle arrest and apoptosis, have been characterized (Friedberg et al., 1995; Bakkenist and Kastan, 2004; Sancar et al., 2004) . However, the results of some publications show that the ability of cells to exhibit elevated mutation rates cannot be ascribed to the conventional mechanisms and is most likely related to the epigenetic events (Dubrova et al., 2000; Dubrova, 2003; Lorimore et al., 2003; Morgan, 2003a, b) . Here, we present data on transgenerational changes in mutation rates, DNA damage and its repair in the non-exposed offspring of irradiated male mice. These data provide important clues on the mechanisms of radiation-induced genomic instability.
Results
Expanded simple tandem repeat mutation data To analyse transgenerational changes, tissue samples were taken from the non-exposed 8-week-old male offspring of control and irradiated CBA/Ca (2 Gy of acute X-rays) and BALB/c (1 Gy) males. In our previous studies, we have shown that mutation rates at expanded simple tandem repeat (ESTR) loci were substantially elevated in the germ line of non-exposed offspring of irradiated male mice (Dubrova et al., 2000; Barber et al., 2002) . Our results also indicate that most of the offspring of irradiated males show elevated mutation rates in their germ line, therefore providing important evidence for the involvement of epigenetic mechanisms in transgenerational instability. However, these data were obtained using a pedigree-based approach, which has low statistical power for the detection of mutation rate heterogeneity between individuals owing to the relatively small litter size in mice. Our study also raised the possibility of transgenerational increases in ESTR somatic mutation rates. To establish whether ESTR mutation rates are equally elevated in the germline and somatic tissues of first-generation (F 1 ) offspring of irradiated males, we have used a single-molecule PCR (SM-PCR) approach, which allows the recovery of large numbers of de novo mutants from a single individual and hence provides robust estimates of individual mutation rates (Yauk et al., 2002) . This approach involves diluting bulk genomic DNA and amplifying multiple samples of DNA, each containing approximately one amplifiable ESTR molecule (Figure 1a) .
The frequency of ESTR mutation was established in DNA samples prepared from sperm, bone marrow and spleen from the same animal. For both strains, a statistically significant B2-2.8-fold increase in the mean mutation frequency was found in all tissues of the offspring of irradiated males (Table 1) . These data therefore confirm our previous results obtained in the germ line of F 1 offspring of irradiated males, using the more traditional pedigree-based approach (Dubrova et al., 2000; Barber et al., 2002) and additionally show that transgenerational genomic instability at ESTR loci is also manifested in somatic tissues. Most importantly, the frequency of ESTR mutation was elevated in the germline (sperm) and somatic tissues of all the offspring of irradiated males (Figure 2a and b) .
Hypoxanthine guanine phosphoribosil transferase mutation data To establish whether transgenerational increases in ESTR mutation rates are correlated with elevated somatic mutation rate at protein-coding genes, we next determined the frequency of thioguanine-resistant mutations at the hypoxanthine guanine phosphoribosil transferase (hprt) locus in the F 1 spleenocytes (Figure 2c ). The mean frequencies of hprt mutations in controls and the F 1 offspring of irradiated males ). Overall, a highly significant 3.7-fold (95% CI, 2.8-5.1) and 3.3-fold (95% CI, 2.6-4.6) increase in the frequency of hprt mutations was found in the CBA/Ca and BALB/c strain, respectively. In a remarkable parallel to the ESTR data, the frequency of hprt mutations was elevated in all offspring of irradiated parents. Our results therefore demonstrate that transgenerational increases in ESTR mutation rates also reflect corresponding changes at protein-coding genes, mutation at which may result in human genetic disorders. Given that in the male offspring of irradiated males the X-linked hprt locus is transmitted from the non-exposed mothers, these data also confirm the previous conclusion that transgenerational changes in mutation rates equally affect both alleles derived from the irradiated fathers and the unexposed mothers, thus implying a genome-wide destabilization after fertilization (Niwa and Kominami, 2001; Barber et al., 2002; Shiraishi et al., 2002; Dubrova, 2003) .
Endogenous DNA damage
To compare the amount of endogenous DNA damage in the F 1 offspring and controls, we first used the alkaline Comet assay (Figure 1b) , which mainly detects singlestrand DNA breaks (SSBs) (Kassie et al., 2000) . This analysis revealed an abnormally high level of DNA damage in freshly taken bone marrow cells of the F 1 offspring of irradiated parents (Table 2, Figure 3a ). The level of SSBs was elevated in all offspring of irradiated males (Figure 3b ), closely resembling the data on mutation frequency.
We then measured the number of g-H2AX foci in frozen spleen samples (Figure 1c ), an approach which most accurately detects double-strand DNA breaks (DSBs) (Rothkamm and Lo¨brich, 2003) . Overall, a highly significant twofold increase in the mean number of g-H2AX foci was found in the nuclei of F 1 offspring of irradiated males from both strains ( Table 2) . Analogous to the Comet results, the level of DSBs was elevated in all the F 1 offspring of irradiated males ( Figure 3c ). As transgenerational ESTR instability was found in spleen, sperm and bone marrow, this would suggest that the amount of DNA damage will also be elevated across other tissues.
Repair of SSBs
As our results showed an abnormally high level of DNA DSBs and SSBs in the offspring of irradiated males, we therefore used the alkaline Comet assay to measure the efficiency of repair of SSBs in ex vivo irradiated bone marrow. In contrast to the data showing significantly elevated amount of endogenous DNA damage in nonirradiated bone marrow cells, in both strains the efficiency of DNA repair in the offspring of irradiated parents and controls was similar (Figure 3d ). Given that in addition to SSBs, the alkaline Comet assay also detects alkali labile sites consisting of abasic structures and liable nucleotide modifications (Kassie et al., 2000) , we therefore conclude that the efficiency of repair of a variety of DNA lesions in the offspring of irradiated males is not substantially compromised.
Discussion
The analysis of transgenerational changes in the nonexposed F 1 offspring of irradiated males has established that (i) the F 1 mutation rates at tandem repeat DNA loci and protein-coding genes are considerably elevated across multiple tissues; (ii) the spontaneous levels of SSBs and DSBs are significantly elevated; and (iii) the efficiency of repair of SSBs and other types of DNA damage such as abasic structures and liable nucleotide modifications is not substantially compromised. It should be stressed that the above-mentioned effects were equally detected in two inbred strains of mice, therefore clearly demonstrating that transgenerational instability is not restricted to one particular inbred strain of mice.
The data presented here are significant in the understanding of the mechanisms underlying the phenomenon of radiation-induced genomic instability that could Radiation-induced transgenerational instability RC Barber et al potentially represent unknown pathway(s) of cellular stress response to DNA damage. In a number of previous studies, it has been suggested that radiationinduced genomic instability is an epigenetic phenomenon (Lorimore et al., 2003; Morgan, 2003a, b) . Such a conclusion is based on two sets of experimental data showing that (i) radiation-induced genomic instability persists over a long period of time after the initial exposure and (ii) the number of cells/organisms manifesting radiation-induced genomic instability is too high to be explained by the conventional mechanisms of direct targeting of DNA repair and related genes. Our data showing that transgenerational changes affect the majority of the offspring of irradiated parents, together with the results of recent publication on transgenerational effects of paternal exposure to endocrine disruptors (Anway et al., 2005) , further support this hypothesis. The persistence of elevated mutation rates in the germline and somatic tissues of all F 1 offspring of irradiated males implies that instability signals are inherited through sperm in an epigenetic manner. We have previously hypothesized that DNA methylation may be regarded as a strong candidate for such an epigenetic signal resulting in transgenerational mutagenesis (Dubrova et al., 2000; Dubrova, 2003) . Given that methylation can be transmitted through many cell divisions (Holliday, 1987) , it could result in the longterm changes in the pattern of gene expression. Alterations in the pattern of DNA methylation might affect genes responsible for maintaining genomic integrity and influence the recognition of DNA damage or its repair. However, the results of this study show that the efficiency of repair of some DNA lesions (detected by the alkaline Comet assay) in the offspring of irradiated males is not compromised.
Alternatively, the presence of a persistent subset of DNA lesions in the offspring of irradiated males may be attributed to an oxidative stress/inflammatory-type response. The involvement of inflammatory-type processes in the delayed increases in mutation rates in the progeny of irradiated cells has long been suspected (Lorimore et al., 2003; Morgan, 2003a, b) . Reactive oxygen species are the major source of endogenous (Jackson and Loeb, 2001 ). The diversity of DNA alterations detected in the offspring of irradiated parents could therefore be explained by this mechanism. However, according to our data obtained by the Formamidopyrimidine glycosylase (FPG) Comet assay (an approach which detects oxidized DNA bases in cells; see Collins and Dusinska, 2002) , the F 1 offspring of irradiated males did not show any alteration in the level of oxidatively damaged nucleotides in freshly taken bone marrow cells (Table 2) . If this is the case, then transgenerational instability could alternatively be attributed to replication stress. Indeed, the results of recent studies suggest that in human precancerous cells, the ataxia-telangiectasia Rad3-related/ataxia-telangiectasia mutated-regulated checkpoints are activated through deregulated DNA replication, which leads to multiple types of DNA alterations (Bartkova et al., 2005; Gorgoulis et al., 2005) . It has also been shown that radiation-induced chromosome instability in vitro could be attributed to the long-term delay in chromosome replication (Breger et al., 2004) . Given that our previous results suggest that the mechanism of ESTR mutation is most probably attributed to replication slippage (Yauk et al., 2002; Barber et al., 2004; Dubrova, 2005) , delayed/stalled replication can therefore provide a plausible explanation for the transgenerational increases in mutation rate at these loci, as well as the multiplicity of DNA alterations detected in this work.
This study has established that mutation rates at tandem repeat DNA loci and protein-coding genes in the offspring of irradiated males are substantially elevated across multiple tissues. These data together with the results of previous publications show that the transgenerational changes affect mutation rates at tandem repeat DNA loci, protein-coding genes as well as the frequency of chromosome aberrations (reviewed by Dubrova, 2003) . Our results also demonstrate that this remarkable transgenerational destabilization of the F 1 genome can be attributed to the presence of a persistent subset of DNA lesions, such as SSBs and DSBs. Given that in tissues with a high mitotic index, such as bone marrow and spleen, the lifespan of cells containing deleterious lesions such as SSBs and DSBs is restricted, as these types of DNA damage are not compatible with replication, these data clearly demonstrate that transgenerational instability is an ongoing process occurring in multiple adult tissues. As unrepaired/uncorrected DSBs and SSBs are known to be highly mutagenic and thus may result in tumour development and/or progression, our data therefore provide a plausible explanation for elevated predisposition to cancer among the offspring of irradiated parents (Dubrova, 2003; Nomura, 2003) . As the results of this study show that destabilization of genome occurs in multiple adult tissues of the majority of the non-exposed F 1 offspring of irradiated males, it is likely that transgenerational carcinogenesis may be due, in part, to this phenomenon. Apart from cancer predisposition, transgenerational instability is also known to affect other health-related traits (reviewed by Dubrova, 2003) and, if confirmed in humans, can be regarded as an important component of the long-term genetic risk of ionizing radiation. It should however be stressed that, to date, the issue of cancer predisposition among the nonexposed offspring of irradiated laboratory animals remains highly controversial (reviewed by Dubrova, 2003) . Furthermore, it should be stressed that, to date, there has been little experimental evidence for transgenerational effects in humans, with some data showing the lack of chromosomal instability among the children of irradiated childhood cancer survivors (Tawn et al., 2005) . Future work should address these important issues.
Materials and methods
Mice and irradiation CBA/Ca and BALB/c mice were purchased from Harlan (UK) and housed at the Division of Biomedical Services, University of Leicester, UK. CBA/Ca and BALB/c males were given whole-body acute irradiation of 2 and 1 Gy of X-rays, respectively (1 Gy/min
À1
) and mated 6 weeks after exposure to non-irradiated females from the same inbred strain. Tissue samples were taken from the 8-week-old male offspring of control and irradiated males from different litters. All animal procedures were carried out under the Home Office project license no. PPL 80/1564. ESTR mutation detection DNA samples were prepared in a laminar flow hood as described previously (Yauk et al., 2002) . Approximately 5 mg of each DNA sample was digested with 20 U MseI (New England Biolabs, Ipswich, MA, USA) for at least 2 h at 371C; MseI cleaves outside the Ms6-hm locus array and distal to the PCR primer sites.
The frequency of ESTR mutation was evaluated using a SM-PCR approach (Yauk et al., 2002) . DNA was amplified on an MJ DNA engine PTC 220 in 10 ml reactions using 0.6 mM flanking primers Hm1.1f (5 0 -AGA GTT TCT AGT TGC TGT GA-3 0 ) and Hm1.R (5 0 -GAG AGT CAG TTC TAA GGC AT-3 0 ), 1 U enzyme mix (Expanded High Fidelity PCR system, Roche, Mannheim, Germany), 1 M Betaine and 200 mM dNTPs. After denaturing at 961C for 3 min, PCRs were cycled at 961C for 20 s, 581C for 30 s and 681C for 3 min for 30 cycles, ending with 10-min incubation at 681C. PCR products were resolved on a 40 cm long agarose gel and detected by Southern blot hybridization. To increase the robustness of the estimates of individual ESTR mutation frequencies, on average 151 amplifiable molecules were analysed for each tissue for each male mouse. The frequencies of ESTR mutation, 95% CIs and standard errors were estimated using modified approach proposed by Chakraborty (Zheng et al., 2000) . hprt mutation detection Priming and cloning of splenocytes was performed in Rosewell's Park Memorial Institute media (RPMI) culture as described (Bol et al., 1998) , with minor modifications and increased levels of ConA used as a mitogen (Lorenti Garcia et al., 2001) . Mutant clones were selected by adding 6-thioguanine (Sigma-Aldrich, Gillingham, UK). For selection of mutants, seven replicate 96-well round bottom microtitre plates containing 5 Â 10 5 target cells were used (Cosentino and Heddle, 2000) . Plates were scored for colony growth using an inverted microscope. The cloning efficiencies and mutant frequencies were estimated as described (Furth et al., 1981) .
Comet assay
The alkaline Comet assay was performed as described previously (Almeida et al., 2006) . For the measures of endogenous damage, freshly prepared mouse bone marrow cells were immediately analysed. For the measures of induced DNA damage repair, freshly taken mouse bone marrow cells were suspended in RPMI media containing 10% fetal calf serum, exposed to 10 Gy of acute X-rays (1 Gy/min) and left to repair at 371C for up to 60 min. Non-irradiated controls were analysed alongside the irradiated samples. Cells (B3 Â 10 4 per sample) were then prepared for Comet analysis. A total of 100 cells were analysed per sample. For the FPG Comet assay, the additional step was performed as described in Collins and Dusinska (2002) by incubating each slide, post lysis, with 0.13 U of formamidopyrimidine glycosylase, FPG (New England Biolabs), or FPG buffer alone as control, for 30 min at 371C.
g-H2AX assay
Frozen spleens were thawed, fixed in formalin, dehydrated and embedded in paraffin. Four-micrometre sections of formalinfixed paraffin-embedded spleens were deparaffinized, rehydrated and microwaved at 850 W for 4 min in 10 mM citric acid for target retrieval. Slides were stained in a DAKO autostainer using ChemMatet EnVisiont Detection Kit Peroxidase/ DAB, Rabbit/Mouse (K5007, DAKO UK Ltd., Ely, UK) and anti-g-H2AX antibody at 1 mg/ml (clone JBW301, Upstate, Charlottesville, VA, USA). Slides were weakly counterstained with haematoxylin. g-H2AX foci per nucleus were scored using bright field microscopy. Two hundred to four hundred cells were analysed in 2-3 different fields per slide by manual counting using Â 1000 magnification, aided by an in-house colour image-acquisition system.
